The combination of high capacity redox active pendent groups and conducting polymers, realized in conducting redox polymers (CRPs), provides materials with high charge storage capacity that are electronically conducting which makes CRPs attractive for electrical energy storage applications. In this report, six polythiophene and poly(3,4-ethylenedioxythiophene)(PEDOT)-based CRPs with a diethyl terephthalate unit covalently bound to the polymer chain by various linkers have been synthesized and characterized electrochemically. The effects of the choice of polymer backbone and of the nature of the link on the electrochemistry, and in particular the cycling stability of these polymers, are discussed. All CRPs show both the doping of the polymer backbone as well as the redox behavior of the pendent groups and the redox potential of the pendent groups in the CRPs is close to that of corresponding monomer, indicating insignificant interaction between the pendant and the polymer backbone. While all CRPs show various degrees of charge decay upon electrochemical redox conversion, the PEDOT-based CRPs show significantly improved stability compared to the polythiophene counterparts. Moreover, we show that by the right choice of link the cycling stability of diethyl terephthalate substituted PEDOT-based CRPs can be significantly improved.
Introduction
With the development of the modern society the demand for cheaper, lighter, smarter and more environmentally friendly energy storage materials has greatly increased. Conducting polymers (CPs) have drawn considerable attention for electrical energy storage applications due to their unique electrical conductivity and facile redox chemistry [1, 2] and the utilization of CPs, both as anode and cathode materials, in energy storage systems has been reported [3] [4] [5] [6] . Compared to small moleculebased organic analogues CPs usually exhibit better cycling stability, higher electronic conductivity and higher rate capability [7] . However, low charge storage capacities are generally found for CPs due to their restricted doping levels. This drawback of CPs can be overcome by mixing the CPs with redox active materials [8] [9] [10] or by decorating the polymer chain with redox functional groups, thus forming conducting redox polymer (CRPs) [11, 12] . In these materials, CPs are utilized for their favorable charge transport properties and the charge storage capacity is instead provided by the functional groups. These strategies can, not only increase the charge capacity of the materials but might also bring about additional electronic and electrochromic properties, making them suitable in a wide range of applications including batteries [11, 13, 14] , light emitting diodes, electrochromic materials [15] , electrochemical sensors and solar cells [16] .
Criteria for selecting CP-pendent group combinations for CRPbased electrode materials have been thoroughly discussed previously [17] . One of the most important condition is the potential match between the two electrochemically active moieties, i.e. the redox reaction of the pendent groups must occur in a potential region where the polymer backbone is either reduced (ndoped) or oxidized (p-doped) as this is a prerequisite for electronic conduction in CPs. Another important design rule for CRPs is to choose the link between the polymer backbone and the pendant that preserves the individual properties of the two moieties. Substantial, and sometimes detrimental backbone-pendant interactions have been reported and these interactions are heavily dependent on the nature of the link, resulting in changed polymerizability, loss of electrical conductivity and altered electrochemical behavior of the individual moieties in the CRP [18, 19] . For instance it has been shown that, for thiophene-based compounds, an aromatic linker attached to the thiophene prevents polymerization [18] . More subtle effects of the linker were found by Karlsson et al. where the pendent group redox chemistry was shown to affect the polymer (in this case polypyrrole) doping and resulted in a polymer conductance that varied with the redox state of the pendent groups. The length and flexibility of the link could also influence polymer packing which heavily influences the conducting properties of CPs [20, 21] . Hence, an in depth understanding of the effect of the link is crucial for rational design of this type of materials.
In this investigation, six diethyl terephthalate (DeT) substituted CRPs have been synthesized, using polythiophene (PT) or poly(3,4-ethylenedioxythiophene) (PEDOT) as the backbone and different linkers connecting the polymer backbone and the pendent groups. The choice of pendant is based on that terephthalate compounds have been shown to provide high charge storage capacity materials with good redox stability in lithium ion batteries [22] . Moreover, the terephthalate pendant is specially utilized in this work for its suitable redox potential match with the n-doping process of polythiophenes [17] . In this work, the effect of backbone and link on the electrochemistry and cycling stability of these materials are compared and discussed. We show that all materials exhibit the individual electrochemical signatures (redox reactions of pendent groups and doping of backbone) of both the pendent groups and of the polymer backbone, with comparable redox potential for the DeT-group in the monomers and in the corresponding CRPs. PTbased CRPs show polymer doping onset potentials comparable with the unsubstituted PT analogues while PEDOT-based CRPs show a somewhat more positive onset p-doping potential compared to pristine PEDOT. Cycling stability studies show that PEDOT-based CRPs in general are more stable than PT-based materials and that the electrochemical stability can be significantly improved by the choice of link.
Experimental
All solvents and chemicals were purchased from Sigma-Aldrich and used without further purification unless stated otherwise. All organic solvents were dried over molecular sieves (3 Å) and chemicals were stored in dry desiccators before use. For easier comparison, the monomers in this investigation are labeled M1, M2, M3, M4, M5 and M6 and their corresponding CRPs are labeled P1, P2, P3, P4, P5 and P6, respectively, and their structures are shown in Fig. 1 .The synthesis of M1, M2 and M5 has been reported elsewhere [18] while the synthesis and characterization of M3, M4 and M6 is detailed in the Supplementary Information. All monomeric compounds were stored at low temperature (5 C) before use.
Electrochemical polymerization
All polymer samples were prepared by electrochemical polymerization in a traditional three-electrode setup, using a glassy carbon disc electrode (3 mm 6 ) supporting electrolyte. Different scan numbers (2-5 scans) were used for the polymerization of different monomers depending on the polymerization yield and the cutoff potential was set to potentials covering the thiophene oxidation peak only as to avoid overoxidation. The solution was degassed with solvent saturated N 2 (g) for 10 minutes prior to polymerization and electrochemical characterization and the N 2 (g) atmosphere was maintained over the electrolyte solution throughout all electrochemical experiments. The as-prepared materials were thoroughly rinsed with ethanol and acetone to remove the unreacted monomers and any oligomers produced during polymerization.
Characterization
Cyclic voltammograms (CVs) of the monomers were recorded by potential sweeps covering both the oxidation of the thiophene or 3,4-ethylenedioxythiophene (EDOT) unit and the reductions of the DeT-group. All polymers were investigated in a monomer-free electrolyte in an electrochemical cell as described above. CVs were recorded both in the potential region for p-doping of the polymer backbone and in the potential region covering the redox reactions of the pendent groups. In order to avoid any charge originating from charge trapping the p-doping charge was evaluated from the reduction part between 0 to 0.8 V vs Fc/Fc + for PT-based CRPs and À0.4 to 0.4 V vs Fc/Fc + for PEDOT-based CRPs by integration. The charge for pendent groups was obtained by integrating the reduction peak in the CVs. All electrochemical data for the monomers and the CRPs are shown in Table 1 and Table 2 , respectively.
Results and discussion
Thiophene-based conducting polymers are well-known by their dual n-and p-doping capability [23, 24] . PT and PEDOT are the two polymers most studied in the polythiophene series due to their easy preparation and high stability in ambient conditions [25, 26] . As shown in as anode electrode material in secondary batteries. Moreover, the potential match between polythiophenes and DeT makes it possible to use the material without the need of conductivity additives as electrons can be efficiently transported through the material by the polymer backbone [17] . However, since only the first reduction of the DeT is stable under the conditions used in this work, a relatively low theoretical charge capacity (66$84 mAh g À1 depending on the structure of the monomer under study) can be obtained from the resulting conducting redox polymer materials. Nevertheless, it is well known that terephthalate-based compounds can be reversibly reduced to its doubly reduced state [22] and the specific capacity of the materials in this study could thus be enhanced by a factor of two if conditions where the second reductions are stabilized could be achieved. A first step towards that end is to identify structural motifs that promote stabilities in terephthalate-based conducting redox polymers. The structures of DeT-functionalized monomers and resulting CRPs investigated in this work are shown in Fig. 2 . M1 and M2 consist of a thiophene unit and a DeT pendent group connected by an aliphatic linker of different length for the two compounds. In M3 to M6, EDOT was utilized as the polymerizable unit while the same DeT substituent as in M1 and M2 was used. In the EDOTbased compounds various types of linker units were used including two ether linkers, one directly attached to the DeT-group (M3) and one with the ether group separated from both the EDOT unit and the DeT-group by a CH 2 unit (M4), one ethynyl linker (M5) and one aliphatic linker (M6). For M4-M6, the linker is of the same length in terms of atoms (i.e. three). Polymerization occurs at the a position of the thiophene or EDOT moiety and the resulting polymers thus have one redox group for each repeat unit. Polymerization of thiophene-based monomers is generally more difficult than the polymerization of EDOT-based materials, due to the higher oxidation potential of the material (as discussed below), and more sensitive to impurities (i.e. water and soluble oligomers) in the electrolyte solution [26, 27] . For the thiophene-based materials, M2 can be polymerized more easily than M1 probably due to the steric hindrance from the pendant with the shorter linker. Computational data on the radical however also indicate that the radical density is more localized to the a-carbons in M2 compared to M1 and this may also contribute to the higher reactivity in M2 [18] . All EDOT-based monomers can be easily polymerized and the nature of link has insignificant influence on the polymerization of these compounds. Fig. 3 shows the CVs of thiophene-based monomers and the corresponding CRPs. For M1 and M2, both oxidation of the thiophene unit and reduction of the pendent group can be observed. The irreversible oxidation process, with comparable E ox, onset (1.16 V vs Fc/Fc + for M1 and 1.14 V vs Fc/Fc + for M2 as shown in Table 1 ) for both compounds, gives thiophene cation radicals that react to form dimers and eventually polymers upon further oxidation. The E ox,onset of M1 and M2 is similar to that of unsubstituted thiophene (Fig. S13 in SI) . Similar reduction behavior of the pendent group to that of the DeT molecule is also obtained (Fig. 1) , with a reversible reduction followed by an irreversible second reduction, resulting in the conversion from a benzenoid to a quinoid form [28] . An oxidation peak at ca. À1.2 V vs Fc/Fc + can be observed which is related to the second reduction of the DeTgroup. This is probably due to the formation of a degradation product resulting from a chemical follow-up reaction after the second reduction process which is oxidized at higher potential. This hypothesis is also supported by the observation that the second reduction becomes more reversible if a higher scan rate is applied (Fig. S14 in SI) . The appearance of the peak at À1.2 V vs Fc/ Fc + does not seem to depend on the specific structure of the compounds investigated and it is also found for DeT molecule as well as for the EDOT-based monomers. For the polymers, both p-doping of the polymer backbone and reduction of the pendent groups are observed in the CVs of P1 and P2. A typical p-doping behavior of polythiophenes with E p,onset (Table 2 ) similar to unsubstituted PT is obtained which, however, is much lower than the E ox,onset of the thiophene unit in the monomers as a result of the increased conjugated system in the CRPs. The similar E ox,onset as well as E p,onset of PT-based materials as compared to the unsubstituted analogue indicate that the DeT pendant has little influence on the polymerizable unit or on the PT backbone irrespective of link. In the negative potential region, the reduction of pendent groups [29] can be observed with a similar redox potential for the pendent groups (E PG 0 0 in Table 2 ) for both CRPs, which is also very similar to the E PG 0 0 of the corresponding monomers. We have previously shown that this reaction is nonlimited by diffusion for micrometer thick polymer layers at scan rates below 1 V s À1 and that the electrochemical response could be well described by models for a surface confined redox reaction with an electrochemical response given by the Boltzmann distribution [29] . The undisturbed electrochemistry of polymer backbone and pendent groups indicates that the interaction between the two moieties is small which is advantageous as the individual properties of the two units are sought in the case of CRPbased battery materials. The small shoulder at ca. À2 V vs Fc/Fc + is interpreted as the n-doping of the polymer chain based on the observation that this peak is related to the appearance of charge trapping peaks [30, 31] . Contrary to the comparable electrochemical properties of P1 and P2, the cycling stability of the latter CRP is significantly improved relative to P1 with 26% and 75% of the charge of pendent groups retained for P1 for P2, respectively, at the second subsequent scan (Q PG -#2 in Table 2 ). At the fifth scan only 8% of the charge of pendent groups is retained for P1 while 61% of the charge of pendent groups remains for P2. Evaluation of the charge originating from p-doping the polymer backbone (Q PB in Table 2) for P2 shows that a charge-decay comparable to that of the pendent groups is seen also for this process. This indicates that both the pendent groups and the polymer backbone are lost which is likely due to loss of complete polymer segments by the dissolution of the CRPs into the electrolyte upon reduction. This hypothesis is supported by coloration of the electrolyte solution when P1 and P2 were cycled to the potential region of the pendent groups. Investigation of the colored species by centrifuging the electrolyte solution followed by FTIR, UV-vis as well as electrochemistry showed that the responses of the precipitate were indistinguishable from those of the original polymer [29] . The extent of dissolution depends on the size of polymers with a higher molecular weight showing lower solubility. It is therefore likely that the methyl-linked P1 has a lower average molecular weight than the ethyl-linked P2 due to steric hindrance imposed by the pendant during the polymerization process. This hypothesis is further supported by the different solubility of the two CRPs polymerized under the same condition in chloroform where P1 is completely soluble while P2 only partly dissolves. The solubility problem of PT-based CRPs leads to the design of new functional materials using other polymer backbones and linkers that could overcome these issues. Previous cycling stability studies have showed that PEDOT is more stable than PT when these two polymers were cycled under the same conditions [17, 25, 32] . PEDOT was therefore chosen as the host polymer chain [17] . Hence, to obtain a stable material and explore the properties of PEDOTbased CRPs, a series of DeT-functionalized materials were synthesized with various link between DeT and EDOT.
The CVs of the EDOT-based monomers and the corresponding CRPs are shown in Fig. 4 and Fig. 5 . As in the thiophene-based compounds both the oxidation of the EDOT unit and the reduction of the DeT group can be observed in the monomer CVs. Similar E ox, onset values are found for all EDOT-based monomers, which are comparable to that of unsubstituted EDOT (Fig. S13 in SI) . Compared to the thiophene-based monomers, the E ox,onset of EDOT-based materials is located at a more negative potential due to the electron donating oxygen in the EDOT moiety [33] . No significant difference in E PG 0' can be observed for the thiophene and EDOT-based monomers except for M5 which shows a more positive E PG 0 0 (Table 1) . This is probably due to the electron deficient character of the triple bond in this linker that is conjugated to the DeT-group. The M5-based CRP (P5) also shows an E PG 0' shift of approximately 100 mV towards higher potential.
For the PEDOT-based CRPs, the pendent groups and the polymer backbone behave independently, showing the typical p-doping feature of the PEDOT backbone and a reversible reduction of DeT side groups. Similar E PG 0 0 values are found for all CRPs, but a more positive E p,onset is obtained for PEDOT-based CRPs compared to the E p,onset of PEDOT, with P3 showing the largest discrepancy with an E p,onset increase of 0.5 V compared to PEDOT and P4 and P5 the smallest discrepancy of 0.3 V. As the onset doping potential is known to be sensitive to the polymer length the increased E p,onset of the PEDOT-based CRPs as compared to PEDOT indicate that the average polymer weight is less in the CRPs as compared to the unsubstituted analogue which is in contrast to the PT-based CRPs.
PEDOT-based CRPs thus seem more sensitive to the substitution with pendant than the PT counterparts. Close to the onset p-doping region some additional oxidation peaks can be observed which are usually attributed to charge trapping resulting from n-doping of the CPs [24, 31] . This phenomenon is most prominent for P5 where the shape of p-doping is distorted during cycling due to the charge trapping peak which locates in the potential region from À1.4 to À0.8 V vs Fc/Fc + . This peak appears after the first scanning into the n-doping region and extends further towards more negative potentials during cycling as shown in Fig. 5 . The evaluated charge involved in this oxidation peak clearly exceeds the portion of charge unrecovered in the n-undoping process, indicating the formation of additional electroactive sites in the polymer. Reduction of these active sites occurs in the same potential region and is shown as a new reduction peak at the cathodic scan. From the evaluation of charge involved in both doping processes, the charge injected in the reduction scan (i.e. the sum of the charge for both reduction regions) can be completely balanced by the charge released from the oxidation scan (i.e. the sum of the charge for both oxidation regions). To fully understand the mechanism behind this charge trapping effect, more investigations of this material are required and studies of P5 through in situ IR and EQCM techniques will be the task of upcoming work.
For the PEDOT-based CRPs, not only different cycling stability is found for the different polymers but the charge decay of the polymer backbone and the pendent groups in a single polymer also shows significant differences. A stable redox response from the backbone is obtained for P3, P4 and P5 with no significant charge decay while P6 shows a 68% charge loss (Q PB in Table 2 ) during the first electrochemical cycle. The latter CRP also shows a similar decay of the charge related to the pendent group redox chemistry. As for the PT-based polymers we interpret the charge decay in P6 as being due to dissolution of the polymer where the alkyl linker results in an increased solubility of P6 as compared to the other PEDOT-based CRPs. For the other PEDOT-based polymers the cycling stability of pendent groups shows an improved stability in the order: P5 > P4 > P6 > P3. P3 show a 50% loss of the DeT capacity during the first cycle while the capacity of the backbone is constant indicating a selective loss of the pendent groups. Introducing a CH 2 group between the ether and the DeT forming P4 greatly improves the cycling stability of the DeT moiety. Based on this observation we suggest that the limited stability of P3 is attributed to the breakage of the ester bond and hence that the phenolic structural motif should be avoided in the design of terephthalate-based CRPs. P5 shows the best cycling stability for both polymer backbone and pendent groups. In general, compared to the PT-based CRPs, PEDOT-based materials show better electrochemical stability which renders PEDOT the most suitable backbone for further design of the materials. In addition, the ethynyl-linked CRP shows the best cycling performance and the interesting electrochemical response of P5 is also worth further investigation.
Conclusions
Conducting redox polymers are, with their intrinsic electronic conductivity and relatively high charge storage capacity, promising candidate materials for secondary batteries. The electrochemical performance of this type of materials highly depends on the choice of polymer backbone-pendent group combination as well as on the link connecting them. In this investigation, we have characterized PT and PEDOT-based CRPs with terephthalate as pendent groups bound to the polymer backbone by various linkers. The results show that individual electrochemical activity of the backbone and the pendent groups is achieved in all CRPs. The cycling stability, as judged from the charge decay of the redox response from the pendent groups as well as from the polymer backbone, was found to be heavily dependent on the link and we show that with the correct choice of linker the cycling stability can be significantly improved. . Dot lines show the onset potential of n-and p-doping of the polymer.
